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CHAPTER  1 
INTRODUCTION 


A  propagation  window  exists  for  intense  relativistic  electron  beam 
injection  into  a  low  pressure  (sub-Torr)  neutral  gas.  Previously  such 
propagation  has  been  experimentally  observed.1-9  The  results  of  any  particular 
experiment  are  highly  parameter  dependent;  beam  current,  pulse  duration, 
transverse  beam  temperature,  gas  species,  etc.  may  determine  propagation 
characteristics.  In  this  work  we  have  measured  several  key  quantities  which 
affect  propagation  and  co,  jared  them  with  a  simple  model  to  explain  the 
propagation  results  for  different  gases  and  pressures.  Two  conditions  necessary 
for  propagation  are:  (1)  the  beam  current  must  be  below  the  space  charge 
limiting  current  and  (2)  the  beam  electrons  must  see  radial  force  balance. 


The  space  charge  limiting  current  is  determined  from  the  criterion  that  the 
kinetic  energy  of  an  electron  at  the  beam's  center  be  less  than  its  potential 
energy.  Otherwise  the  beam  is  "stopped"  axially  and  a  potential  well  is 
created.  The  expression  for  space  charge  limiting  current  for  a  solid  beam 
propagating  in  an  infinite  cylindrical  conductor  is  given  by10 


3  /  2/3 

_  me  ( t  -1 ) 

*  '  ~  11+2  Tn(TT/r1'J  (W@) 


where  y  is  the  usual  relativistic  factor,  m  is  electron  mass,  c  is  the  speed  of 
light  in  vacuum,  e  is  the  electron  charge,  R  is  the  conductor  radius,  and  r  is 
the  beam  radius.  Here  f0  is  the  space  charge  neutralization  fraction  where 
ffi  =  nj/nb  ( 0 <f  <1 ) ;  n^  is  the  electron  beam  density  and  n^  is  the  density  of  a 

charge  neutralizing  ion  background.  In  order  to  satisfy  propagation  condition 
(1)  which  was  stated  above,  the  beam  current  must  be  less  than  I  . 


The  condition  for  equilibrium  for  a  beam  with  a  Bennett  density  profile  may 
be  expressed  as11 


(2) 


where  v  is  Budker's  parameter  and  T^  is  the  beam's  transverse  temperature.  The 

assumptions  made  here  are:  no  beam  rotation  and  gas  pressure  low  enough  so  there 

2  2 

is  no  current  neutralization.  If  f  >  1/y  +  2T1/\mc  propagation  still  occurs, 

but  the  beam  electrons  oscillate  within  the  beam  envelope.  This  oscillation  has 
been  previously  analyzed  elsewhere.12,13 
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Both  of  the  propagation  conditions  critically  depend  on  f  (i.e.  the  degree 
of  charge  neutralization).  Charge  neutralization  may  be  created  by  the  electron 
beam  itself  as  an  alternative  to  employing  an  external  source  of  ionization. 

The  background  gas  is  ionized  as  the  relativistic  electron  beam  is  injected, 
therefore  creating  a  plasma.  Plasma  electrons  are  radially  ejected  by  the 
beam's  high  electric  field  leaving  a  channel  of  positive  charge.  This  ion 
channel  reduces  the  beam's  spare  charge  force  such 
2  2 

that  f  >  l/y  +  2Ti/\mc  ,  thereby  permitting  a  focused  beam.  This  is  called 

propagation  in  the  ion  focusing  regime  { I FR ) .  During  their  ejection  the  plasma 
electrons  must  not  create  significant  additional  secondary  electrons  (i.e.  the 
mean  free  path  for  ionization  by  secondary  electrons  must  be  much  less  than  the 
beam  radius).  This  requirement  was  used  by  Briggs  and  Yu  to  determine  an  upper 
bound  on  pressure  for  which  IFR  propagation  can  occur.  14  This  critical  pressure 
is  given  as 


where  Ig  is  the  beam  current,  aQ  is  the  fully-pinched  beam  radius,  and  s  is  a 
scale  factor  which  depends  on  the  model  used  for  ionization  cross  section  as  a 
function  of  energy.  The  scale  factor  is  normalized  to  nitrogen  gas  and  has  the 
following  values  for  some  common  gases:  SFg  -  0.27,  argon  -  0.9,  nitrogen  -  1, 
neon  -  2.0,  helium  -  5.9.  Therefore,  for  the  beam  used  in  this  work  the  upper 
limit  on  pressure  for  IFR  propagation  is  2.4  Torr  for  helium,  0.4  Torr  for 
nitrogen  or  air,  and  0.4  Torr  for  argon. 

This  TR  is  organized  in  the  following  manner.  In  Chapter  2  a  brief 
description  of  the  accelerator  is  given.  Chapter  3  contains  current  transport 
measurements  and  Chapter  4  describes  emittance  measurements  on  the  propagating 
electron  beam.  A  simple  model  for  beam  propagation  in  low  pressure  gas  is 
developed  in  Chapter  5  and  is  used  to  calculate  the  efficiency  of  charge 
transport.  This  model  assumes  idealized  conditions  and  gives  an  upper  limit  on 
transport  efficiency.  The  measured  charge  transport  is  then  compared  with 
calculated  results.  Chapter  6  is  a  summary.  The  work  presented  here  augments 
previous  research  on  low  pressure  propagation  in  its  emphasis  on  beam 
temperature  as  an  influence  on  beam  transport.  We  have  also  included  pulse  rise 
time  effects  which  are  not  generally  included  in  other  investigations. 


CHAPTER  2 


TRANSBEAM  ACCELERATOR 


A  brief  discussion  of  the  accelerator  used  for  this  work  is  given  since  it 
has  several  features  not  common  to  other  accelerators  with  similar 
specifications.  The  Transbeam  accelerator  at  NSWC  uses  a  high-voltage,  air-core 
pulse  transformer  to  charge  a  water-filled  coaxial  transmission  line  to  produce 
a  100  ns  duration  electron  beam.  Transformers  have  some  advantages  over  the 
Marx  generators  that  are  generally  used  in  accelerators,  such  as  (1)  they  allow 
for  a  more  compact  design  since  an  oil  filled  tank  is  not  necessary,  and  (2) 
they  greatly  reduce  the  number  of  spark  gaps  needed  and  therefore  require  less 
maintenance.  Figure  1  is  a  schematic  of  the  accelerator  with  representative 
machine  diagnostic  traces.  The  high  voltage  transformer  was  designed  similar  to 
that  of  Rohwein15  and  has  a  3  MV  secondary  voltage  for  a  100  kV  primary 
voltage.  Resonant  charging  of  the  transmission  line  (i.e.  the  resonant 
frequency  of  the  transformer  primary  circuit  is  matched  to  the  resonant 
frequency  of  the  transformer  secondary  circuit,  L  C  =  L$CS)  allows  maximum 
energy  transfer  efficiency.  Single  resonance  charging,  where  the  maximum  output 
voltage  is  attained  on  the  peak  of  the  first  half  cycle,  requires  a  transformer 
circuit  with  coefficient  of  coupling  near  unity  which  is  difficult  to  achieve  in 
a  high-voltage,  high-gain  transformer.  Dual  resonance  charging,  where  the 
maximum  output  voltage  is  attained  on  the  peak  of  the  second  half  cycle, 
requires  a  coupling  coefficient 16  of  0.6  which  is  more  easily  obtained  in 
transformer  construction.  This  is  the  method  of  charging  used  on  Transbeam. 

The  output  switch  gas  pressure  is  adjusted  so  that  the  transmission  line 
discharges  on  the  peak  of  the  second  half  cycle  as  shown  in  Figure  1.  Note  that 
the  diode  voltage  is  one  half  of  the  transmission  line  charging  voltage  for  a 
matched  diode  impedance.  A  short  isolation  section  inserted  between  the 
transmission  line  and  the  diode  promotes  suppression  of  diode  prepulse.  In  the 
work  described  here  the  voltage  applied  to  the  transformer  primary  was  50  kV, 
which  resulted  in  a  peak  diode  voltage  of  700  kV. 

The  diode  consisted  of  a  7.5  cm  diameter  planar  carbon  cathode  and  a  0.6 

mil  titanium  anode  foil.  The  gap  spacing  was  15  mm.  Diode  voltage  and  current 

waveforms  are  shown  in  Figure  1.  Using  stopping  power  calculations  for  700  keV 

electrons,  less  than  2%  of  an  electron's  kinetic  energy  was  lost  in  the  anode 

foil.  A  carbon  plate  with  a  2  cm  diameter  aperture  was  placed  immediately 
downstream  of  the  anode  foil.  This  plate  limited  the  beam  current  injected  into 
the  drift  tube  to  about  4  kA. 
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CHAPTER  3 

BEAM  TRANSPORT  MEASUREMENTS 


The  efficiency  of  beam  transport  was  measured  using  the  set-up  depicted  in 
Figure  2.  The  beam  was  injected  into  a  10  cm  diameter  conducting  tube.  A 
Rogowski  coil  was  positioned  at  the  drift  tube  entrance  and  measures  net 
current.  The  vacuum  Faraday  cup  was  located  1  m  downstream  of  the  anode  foil. 

It  consists  of  a  7.5  cm  diameter  carbon  beam  stop  connected  to  an  0.005 
ft  current  viewing  resistor  which  has  a  2  ns  risetime.  A  0.6  mil  titanium  foil 
provides  the  interface  between  the  gas-filled  propagation  tube  and  the  evacuated 
Faraday  cup.  Both  the  Rogowski  coil  and  Faraday  cup  were  connected  to  a  dual- 
beam  oscilloscope  and  typical  traces  for  a  40  mTorr  argon  shot  are  given  in 
Figure  2.  The  Rogowski  signal  is  integrated  with  a  passive  RC  integrator.  The 
oscilloscope  and  diagnostic  cables  were  adjusted  so  that  two  synchronous  signals 
also  appear  synchronous  on  the  oscillographs.  In  order  to  permit  open  shutter 
photography  a  section  of  the  propagation  tube  consisted  of  a  pyrex  tube  lined 
inside  with  a  perforated  stainless  steel  sheet.  Before  each  shot  the  tube  was 
evacuated  to  1  x  10-5  Torr.  It  was  then  static  filled  with  either  He,  N2  or  Ar 
at  pressures  of  10,  20,  40,  80  or  160  mTorr.  Impurities  from  outgassing 
contributed  about  2  mTorr  to  the  total  pressure  of  each  shot.  Sample  results 
for  nitrogen  gas  at  different  pressures  are  given  in  Figure  3.  The  upper 
oscilloscope  trace  is  the  transmitted  beam  current  as  measured  by  the  Faraday 
cup  (2kA/div).  The  lower  trace  is  the  net  current  measured  with  a  Rogowski  coil 
immediately  downstream  of  the  anode  plate  (3  kA/div).  Open  shutter  photographs 
are  shown  for  each  shot.  At  10  mTorr  no  beam  was  propagated.  At  20  mTorr  the 
latter  half  of  the  beam  propagated.  The  total  beam  was  propagated  for  the 
pressures  of  80  and  160  mTorr.  For  the  lower  pressures  the  beam  is 
significantly  eroded.  The  integrated  Rogowski  coil  signals  show  appreciable 
trailing  plasma  current  for  all  but  the  10  mTorr  shot.  All  open  shutter 
photographs  were  taken  at  the  same  exposure  settings  therefore  light  intensity 
at  different  pressures  may  be  compared.  Data  for  the  argon  shots  (Figure  4) 
closely  agree  with  the  nitrogen  shots.  Helium  propagation  (Figure  5)  was 
different  in  that  no  propagation  occurred  at  10,  20  or  40  mTorr;  only  slight 
propagation  at  80  mTorr;  and  at  160  mTorr  only  the  latter  half  of  the  beam 
propagated.  Propagation  results  for  all  three  gases  are  summarized  in 
Figure  6  where  the  peak  Faraday  cup  current  is  plotted  as  a  function  of  gas 
pressure. 
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CHAPTER  4 

EMITTANCE  MEASUREMENTS  CHARACTERIZING  BEAM  PROPAGATION  IN  AIR 


A  detailed  analysis  of  beam  propagation  in  air  was  performed  as  follows. 

The  beam  was  injected  into  either  a  10  cm  diameter  stainless  steel  drift  tube  or 
a  10  cm  acrylic  tube  lined  with  copper  screen  wire  which  permitted  photographic 
diagnostics.  Tube  length  was  varied  in  order  to  observe  propagation  behavior  as 
a  function  of  axial  distance.  The  experiment  was  performed  in  vacuum  with  the 
drift  tube  at  0.01  mTorr  and  with  air  admitted  at  pressures  of  20,  40,  80,  160, 
and  320  mTorr.  By  comparison  of  open  shutter  photographs  and  Faraday  cup 
signals,  propagation  in  air  closely  resembled  propagation  in  nitrogen.  Beam 
emittance  and  radius  were  measured  as  a  function  of  axial  position  (z).  An 
emittance  mask  was  used  which  consisted  of  a  series  of  tantalum  bars,  each  with 
cross  sectional  dimensions  of  0.4  x  5.0  mm.  The  bars  were  separated  with  an  0.5 
mm  slit  width.  An  0.05  mm  thick  radiachromic  film  detector17  was  placed  4.3  mm 
downstream  from  the  mask.  After  exposure  to  a  single  shot  the  film  was  scanned 
with  a  microdensitometer  using  a  resolution  of  0.02  mm.  Since  the  film  was 
exposed  at  rather  high  levels,  it  was  scanned  with  light  of  wavelength  510  nm 
where  the  film  response  is  linear  at  high  exposure.  Results  for  scans  at 
different  axial  positions  and  pressures  are  shown  in  Figure  7. 

The  following  is  a  brief  description  of  the  emittance  theory  used  to 
analyze  beam  emittance.  A  complete  derivation  of  this  theory  is  given  in 
Reference  18.  Two  assumptions  made  are:  (1)  an  axisymmetric  beam,  and  (2)  a 
local  thermal  distribution  (Maxwellian).  Using  these  assumptions  the 
distribution  function  in  transverse  trace  space  may  be  written  as 

f40>y,x',y'  )  =  g(fx2+y2 )  exp  {- [(x*  -  x*  f  +  (y*  -  y'  )2  ]/2s2(x,y ) }  (4) 


where  x'  =  dx/dz  and  y'  =  dy/dz  are  the  slopes  of  the  particle  trajectory. 
fl  2 

g(  /x  +y  )  is  the  spatial  dependence  of  the  distribution  function,  s  is  the  rms 
value  of  the  particle  slopes  at  a  point  (x,y),  and  x'  and  y1  are  the  mean  values 
of  particle  slopes  at  a  point  (x,y).  The  rms  emittance  is  given  by 


rms 


4  [<x“> 


<x'^>  - 


<xx '  > 
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where  <  >  denotes  the  average  over  the  four  dimensional  trace  space  distribution 
function.  This  treatment  relates  to  our  work  in  the  following  manner.  We  take 
the  slits  of  the  emi ttance  meter  as  being  aligned  parallel  to  the  y  axis.  The 
radiachromic  film  which  is  placed  downstream  of  the  slits  is  scanned  along  the 
x  axis.  Therefore  the  beam  is  first  sampled  directly  through  the  slits  of  the 
emittance  meter,  and  then  through  the  pinhole  of  the  microdensitometer  (via  the 
radiachromic  film  image).  By  analysis  of  the  microdensitometer  scan  we  can 

determine  g(x,y=0),  s(x,y=0),  and  x'(x,y=0).  Using  the  assumptions 

made,  f ^(x,y ,x ' ,y 1  )  is  determined  over  all  space,  and  the  rms  emittance  is 

calculated  numerically  according  to  Eq.  (5).  Results  are  given  in  Figure  8, 
where  the  rms  emittance  characterizing  the  beam  at  injection  (z  =  3  cm,  p  =  0 
mTorr)  was  0.55  cm-rad  which  corresponds  to  a  transverse  temperature  of 
35  keV.  We  observed  that  this  emittance  value  typically  increased  by  a  factor 
of  1.5  to  2  after  a  short  propagation  distance  (10  cm).  The  measured  beam 
emittance  remained  somewhat  constant  after  this  initial  increase.  The  rms  radii 

determined  by  xrms  =  [<x^>]^  are  summarized  in  Figure  9.  The  injected  beam  is 
characteri zed  by  a  0.7  cm  radius.  For  comparison  one  notes  that  the  beam  is 
injected  through  an  aperture  with  a  1  cm  radius.  As  the  beam  propagates  further 
downstream  the  rms  radius  varies  from  1.2  to  1.5  times  the  radius  of  the 
injected  beam.  The  data  in  Figure  9  as  well  as  open  shutter  photographs  reveal 
pinch  points  and  oscillations  in  the  beam  envelope.  This  is  caused  by 
overcompensation  of  the  beam's  radial  electric  field  by  ions  which  results  in 
the  oscillatory  electron  motion. 
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CHAPTER  5 
ANALYSIS 


When  beam  electrons  are  used  as  the  ion  production  mechanism  for  IFR 
propagation,  the  space  charge  neutralization  fraction  and  space  charge  limiting 
current  both  vary  in  time.  Therefore  the  first  part  of  the  pulse  may  not  lie  in 
a  propagation  regime  while  the  latter  part  does.  The  beam  pulse  is  taken  to 
start  at  t=0.  At  some  later  time  t  such  that  (1)  I,  <  I  and 
2  2  oi 

(2)  fg  >  1/y  +  2T  /vine  the  two  conditions  for  propagation  stated  in  Chapter  1 

are  met  and  the  beam  may  propagate.  A  simple  calculation  which  follows  was  used 
to  approximate  fg(t)  and  I  (t)  for  our  beam  parameters  in  order  to  find  this 

time  r  at  which  both  conditions  for  propagation  are  met. 

First  an  expression  for  the  temporal  dependence  of  f&  is  derived. 

Ionization  of  a  neutral  gas  may  occur  through  several  competing  processes  such 
as  electron  impact  ionization,  electron  avalanche  ionization,  ion  imapct 
ionization,  or  ion  avalanche  ionization.19  As  noted  in  Chapter  1,  we  are  below 
the  pressures  where  secondary  plasma  electrons  can  cause  electron  avalanche 
ionization  upon  their  expulsion  from  the  channel.  Ion  impact  ionization  is  a 
factor  when  plasma  ions  are  accelerated  to  high  energies  via  the  collective 
acceleration  process.  However,  using  CR-39  ion  detector  plates,  no  high  energy 
ions  were  observed  in  any  of  the  several  shots  where  they  were  monitored.  Ion 
avalanche  ionization  may  be  a  factor  and  should  be  considered  in  a  more 
extensive  analysis,  however  its  inclusion  is  beyond  the  scope  of  this  work.  Our 
treatment  therefore  includes  only  electron  impact  ionization  involving  the 
primary  beam  electrons.  The  expression  for  ion  production  rate  may  be  given  as 


3n.  (r,t) 

-  =  nb(r,t)  nn  a(t)  S(t)  c 


(6) 


where  n^  is  the  ion  density,  nb  is  the  beam  density,  nn  is  the  neutral  gas 
density,  and  o  is  the  cross  section  for  ionization  by  electron  impact.  The  beam 
density  is  taken  to  have  a  Gaussian  distribution  and  may  be  expressed  in  terms 
of  the  beam  current  as 


nb(r,t) 


yt) 

p 

ira  ec  B(t) 


(7) 


Equation  (7)  is  inserted  into  Eq.  (6)  which  is  solved  for  n^(r,t).  Then  f  may 
be  written  as 


NSWC  TR  86-274 


n  8(t)  c  t 

fe(t)  =  —  -p^r  /  Ib(t‘)  a(f)  dt*  ,  (8) 

b  b o 

where  we  have  assumed  that  only  singly  charged  ions  are  present.  The  functions 
appearing  in  £q.  (8)  are  determined  as  follows.  Trapezoidal  waveforms  are  used 
to  approximate  the  actual  measured  beam  current,  Ib(t),  and  voltage,  V(t).  The 
pulse  risetime  and  falltime  are  each  30  ns  and  the  plateau  duration  is  80  ns. 

The  plateau  value  of  current  (voltage)  is  4  kA  (600  kV).  The  functions 
y( t )  and  @(t)  are  obtained  from  the  trapezoidal  function  for  V ( t ) .  Since  the 
voltage  function  has  temporal  dependence,  the  ionization  cross  section  which 
depends  on  electron  energy,  is  also  time  dependent.  Reference  20  gives  an 
empirical  formula  for  electron  impact  ionization  cross  section  for  many  commonly 
used  gases.  Their  formula  is  the  result  of  empirical  measurements  of  the  cross 
section  for  electron  energies  in  the  range  from  0.1  to  2.7  MeV.  Hence  using  the 
cross  section  formula  of  Reference  20  and  the  beam  energy  as  a  function  of 
time,  cr(t)is  found.  Finally  Eq.  (8)  is  solved  numerically  to  find  f  e  ( t ) . 
Representative  results  are  given  in  Figure  10.  In  all  cases  full  charge 
neutralization  (i.e.  fg=l)  was  achieved  during  the  beam  pulse.  For  nitrogen  and 
argon  at  the  higher  pressures,  full  charge  neutralization  occurred  very  early  in 
the  beam  pulse,  during  the  pulse  risetime.  The  space  charge  neutralization 
fraction  increases  linearly  during  the  pulse  plateau.  The  rate  of  increase 
in  fe  is  greater  at  the  pulse  falltime  since  the  ion  channel  remains  while  the 
beam  density  dies  away.  The  limiting  current  as  a  function  of  time,  I  ( t )  ,  is 

calculated  by  inserting  Eq.  (8)  and  y(t)  into  Eq.  (1).  For  calculation  of 
Ib  the  measured  radius  of  the  injected  beam,  0.7  cm,  was  used. 

The  trapezoidal  function  for  Ib(t),  which  is  an  idealization  but  close 
approximation  of  our  beam  current,  is  compared  with  I  (t)  in  order  to  determine 
when  rendition  (1)  for  propagation  is  met.  (See  Figure  11  for  comparison  of 
Ib(t)  and  I  (t)  for  He  and  Ar  at  20  and  160  mTorr.)  With  our  particular 

experimental  parameters,  initially  the  injected  beam  current  was  always  greater 
than  the  space  charge  limiting  current.  As  fg  increases  due  to  the  IFR  process, 
the  beam  current  consequently  falls  below  the.space  charge  limiting  current  (the 
limiting  current  increases  since  I  «  (1-f  )";.  The  rate  of  increase  of  f  is 

greater  for  higher  gas  pressures  and  for  gases  with  higher  ionization  cross 
sections,  and  therefore  the  time  required  to  satisfy  propagation  condition  (1) 
in  these  cases  is  less.  Note  that  the  ionization  cross  section  for  N2  and  Ar  is 
an  order  of  magnitude  greater  than  that  of  He  (P  600  keV)  so  the  time  necessary 
to  satisfy  propagation  condition  (1)  is  less  for  the  former  two  gases.  The  time 
required  for  the  beam  current  to  fail  below  the  space  charge  limiting  current 
under  different  parameters  is  summarized  in  Table  1. 

The  quantities  needed  to  test  condition  (2)  for  propagation  are  determined 
as  follows.  The  fractional  charge  neutralization,  f  (t)  is  found  as  previously 
described.  The  functions  y(t)  and  v(t)  are  derived  from  the  trapezoidal  voltage 
and  current  waveforms.  The  transverse  temperature,  T^  ,  is  approximated  by  a 

trapezoidal  waveform.  This  waveform  is  taken  to  have  a  plateau  of  35  keV  which 
is  the  measured  transverse  temperature  of  the  injected  beam.  The  temporal 
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2  2 

dependence  of  fe  and  (1/y  +  2T  /unc  )  are  then  compared  in  order  to  determine 

the  time  at  which  condition  (2)  is  satisfied.  (See  Figure  12  for  this 
comparison  for  He  and  Ar  at  20  and  160  mTorr.)  Initially,  before  sufficient 
ions  are  created,  the  beam  experiences  radial  expansion.  If  the  necessary 
quantity  of  ions  are  produced  at  some  later  time  in  the  beam  pulse,  propagation 
condition  (2)  is  satisfied.  The  time  required  for  achieving  condition  (2)  under 
different  parameters  is  summarized  in  Table  2. 

In  all  cases  the  time  required  to  reach  self -pinched  equilibrium  exceeded 
the  time  at  which  the  beam  current  fell  below  the  space  charge  limiting  current, 
so  for  our  beam  parameters  propagation  condition  (2)  was  the  controlling 
factor.  Therefore  the  time  as  listed  in  Table  2  indicates  when  both  conditions 
for  propagation  are  met,  this  time  being  defined  as  t=  t.  The  portion  of  beam 
pulse  which  lies  in  the  interval  from  0  to  t  does  not  propagate,  while  the 
latter  portion  in  the  interval  from  t  to  140  ns  (i.e.  the  beam's  terminus)  may 
propagate.  Thus  using  the  results  of  Table  2,  the  percent  of  the  total  injected 
charge  which  propagates  (under  ideal  conditions)  was  calcul ated. 

The  percent  of  injected  charge  which  propagated  (a  distance  of  1  m)  was 
measured  as  follows.  The  transported  beam  charge  was  determined  from  the 
current  pulse  signal  of  the  Faraday  cup  which  was  located  1  m  downstream  of  the 
anode.  On  a  separate  shot  the  injected  beam  charge  was  found  using  the  current 
pulse  measured  by  the  Rogowski  coil  located  at  the  drift  tube's  entrance.  For 
this  shot  the  drift  tube  was  evacuated  to  less  than  1  x  10-5  Torr.  In  this  case 
no  plasma  currents  are  present,  therefore  the  net  current  can  be  regarded  as  the 
beam  current.  A  comparison  of  the  many  shots  in  which  injected  charge  was 
measured  indicates  no  appreciable  shot  to  shot  variation.  The  ratio  of 
transported/injected  charge  as  measured  is  compared  with  that  calculated  in 
Figure  13. 

Three  explanations  for  the  difference  in  the  calculated  and  measured  curves 
are  given.  First,  note  that  the  calculated  value  of  fg(t)  used  to  determine 
charge  transport  was  derived  assuming  that  the  entire  injected  pulse  ionizes  the 
filling  gas  along  the  entire  drift  tube  length.  Actually  f e f t )  is  an  axially 
varying  function  since  beam  duration  decreases  as  propagation  distance 
increases.  If  the  Faraday  cup  had  been  closer  to  the  diode  such  that  f0  had 
less  axial  variation  over  its  propagation  distance,  we  would  expect  more 
absolute  agreement  between  the  measured  and  calculated  transported  charge. 
Secondly,  in  the  calculation  of  fg(t)  we  assume  that  plasma  electrons  are 
instantaneously  ejected  from  the  channel.  As  f  approaches  unity  the  radial 
electric  fields  are  decreased  and  plasma  electrons  are  not  as  readily 
expelled.  Thirdly,  at  the  higher  nitrogen  and  argon  pressure  used  in  this  work 
(i.e.  160  mTorr)  we  are  approaching  the  critical  pressure  for  IFR 
propagation  14  and  plasma  electrons  may  create  some  additional  ionization  upon 
expulsion  from  the  channel.  All  of  these  items  would  lead  to  a  slower  rate  of 
increase  in  f  than  was  calculated,  resulting  in  less  charge  transport  than 
indicated  in  the  curves  of  Figure  13.  The  method  that  we  have  used  to  calculate 
charge  transmission  as  given  in  Figure  13  should  therefore  be  considered  to 
yield  an  upper  limit  value.  Absolute  agreement  of  the  calculated  and  measured 
charge  transport  curves  would  be  realized  only  under  ideal  conditions  (i.e.  fg 
has  no  axial  dependence,  instantaneous  ejection  of  plasma  electrons,  and  no 
additional  ions  created  by  the  escaping  plasma  electrons), 
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CHAPTER  6 


SUMMARY 


In  this  report  we  have  examined  low  pressure  electron  beam  propagation  in 
the  ion  focusing  regime  where  the  beam  itself  was  used  to  create  ionization. 

This  work  included  a  parameter  study  which  involved  comparison  of  propagation 
with  different  gas  species  and  gas  pressures.  Injected  beam  current  and 
transported  beam  current  were  measured  in  order  to  experimentally  determine 
propagation  efficiency.  At  the  lowest  pressure  tested,  10  mTorr,  almost  no 
charge  was  transported  for  either  helium,  nitrogen  or  argon.  As  pressure  was 
increased  transport  improved.  Optimum  transport  occurred  for  nitrogen  and  argon 
at  approximately  80  mTorr  where  60%  of  the  injected  charge  was  transported  a 
distance  of  1  m.  For  both  of  these  gases  at  160  mTorr  the  transport  efficiency 
dropped,  possibly  because  of  secondary  electrons  created  by  the  escaping  plasma 
electrons.  For  helium  gas,  40%  of  the  charge  was  transported  at  160  mTorr. 
Because  the  helium  cross  section  for  ionization  is  relatively  small  as  compared 
with  nitrogen  and  argon,  its  optimum  pressure  for  propagation  more  than  likely 
occurs  at  a  higher  pressure  than  was  used  in  this  work. 

Several  key  quantities  were  measured  and  include:  beam  radius,  beam 
transverse  temperature,  beam  voltage,  and  beam  current.  These  quantities  were 
used  to  evaluate  two  conditions  necessary  for  beam  propagation.  Specifically 
these  conditions  are:  (1)  the  beam  current  must  not  exceed  the  space  charge 
limiting  current  and  (2)  radial  force  balance  must  be  achieved.  One  function 
not  measured  which  is  fundamental  in  evaluating  the  propagation  conditions  was 
fp(t).  Since  the  relativistic  electron  beam  was  used  as  the  ionizer,  the  space 
charge  neutralization  fraction  is  time  dependent.  A  simple  model  which  included 
ionization  solely  by  beam  electrons  was  presented  in  order  to  calculate  this 
function.  Complete  charge  neutralization  was  realized  in  all  cases,  the  rate  at 
which  f  increased  being  greater  at  higher  pressure  and  for  gases  with  higher 
ionization  cross  section. 

For  our  particular  beam  parameters  condition  (1)  was  met  prior  to  condition 
(2)  in  every  case  tested.  This  may  be  due  to  the  high  transverse  temperature  of 
our  beam.  Note  that  the  force  balance  condition  takes  into  account  transverse 
beam  temperature  while  the  limiting  current  condition  does  not. 

Qualitatively,  the  charge  transport  as  predicted  by  the  crude  model  agreed 
with  the  experimentally  measured  transport.  While  the  absolute  values  of  the 
calculated  and  measured  charge  transport  are  different,  the  general  trends 
indicated  were  similar.  This  is  true  except  at  the  160  mTorr  pressure  for 
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nitrogen  and  argon.  This  may  be  explained  by  the  observation  that  here  we  are 
approaching  the  critical  pressure  necessary  to  remain  in  the  IFR  regime  (i.e., 
400  mTorr) . 

Both  the  model  and  experiment  indicated  that  propagation  is  highly 
dependent  on  fa.  For  low  pressures,  and  gases  with  small  ionization  cross 
sections,  ions~are  produced  at  a  rate  such  that  conditions  favorable  for 
propagation  are  satisfied  after  much  of  the  beam  pulse  has  already  occurred. 
Here  a  major  part  of  the  beam  is  used  up  in  creating  the  ion  channel. 
Conversely,  at  higher  pressures,  and  with  gases  with  higher  ionization  cross 
sections,  f  increases  very  quickly  and  propagation  conditions  may  be  satisfied 
very  early  in  the  beam  pulse,  resulting  in  more  efficient  propagation. 


14 


> 

> 

Cl 

Q 

\ 

\ 

< 

< 

JXL 

JC 

CM 

ro 

| 

1 

t— 

1 — 

2 

LU 

LU 

CC 

CC 

cr 

3 

CC 

3 

> 

O 

O 

Q 

\ 

5 

1- 
1 1 1 

CO 

c 

id 

>- 

CO 

< 

Q 

< 

£ 

O 

0C 

o 

< 

o 

Ul 

CC 

< 

40mTorr 


80  mTorr 


160  mTorr 


(A)  FARADAY  CUP  -  2  kA/DIV 

(B)  ROGOWSKI  COIL  -  3  kA/DIV 
HORIZONTAL  SCALE  -  50ns/DIV 

FIGURE  3.  NITROGEN  GAS  SHOTS 


19/20 


80  mTorr 


160  mTorr 


(A)  FARADAY  CUP  -  I  kA/DIV  (20,  40  mTorr) 

-  2  kA/DIV  (80, 160  mTorr ) 

(8)  ROGOWSKI  COIL  -  I  kA/DIV  (20,  40  mTorr) 

-  3  kA/DIV  (80, 160  mTorr) 

HORIZONTAL  SCALE  -  50  ns/DIV 


FIGURES  HELIUM  GAS  SHOTS 


NSWC  TR  86-274 


NSWC  TR  86-274 


PRESSURE  (mTorr) 


He 


A  r 


FIGURE  13.  COMPARISON  OF  CALCULATED  AND  MEASURED  CHARGE 
TRANSPORT  EFFICIENCY 
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TABLE  1.  TIME  AT  WHICH  THE  BEAM  CURRENT  FALLS  BELOW 
THE  SPACE  CHARGE  LIMITING  CURRENT 


Pressure 

(mTorr) 

Time 

(ns) 

He 

n2 

Ar 

10 

135 

65 

61 

20 

119 

39 

37 

40 

73 

23 

22 

80 

42 

12 

11 

160 

26 

6 

6 

TABLE  2.  TIME  AT  WHICH  FORCE  EQUILIBRIUM  IS  REACHED 


Pressure 
(mTorr ) 

He  N£  Ar 


Time 

(ns) 
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